The 1996 discovery that mutation p.R122H in the serine protease 1 (*PRSS1*) gene that encodes human cationic trypsinogen causes hereditary chronic pancreatitis irrefutably established the critical role of trypsin in the pathogenesis of chronic pancreatitis \[[@CR1]\]. In the 20 years following this breakthrough, a large number of genetic and functional studies confirmed the central role of trypsin in disease development and the surprisingly consistent body of evidence has been amalgamated in what we termed the trypsin-dependent pathological pathway of chronic pancreatitis. This relatively simple model states that elevated levels of active trypsin in the pancreas elicit disease onset and drive progression and the combined effects of mutations in various susceptibility genes determine intra-pancreatic trypsin activity. Trypsin is synthesized as an inactive precursor called trypsinogen which becomes activated by limited proteolysis of its 8 amino acid-long N-terminal activation peptide. The serine protease enteropeptidase is responsible for intestinal activation of trypsinogen, whereas ectopic activation inside the pancreas occurs through trypsin-mediated trypsinogen activation commonly referred to as autoactivation \[[@CR2]\]. Mutations in cationic trypsinogen that increase autoactivation are strong risk factors for chronic pancreatitis, typically associated with hereditary pancreatitis. Protective mechanisms in the pancreas that curtail trypsinogen activation and therefore reduce trypsin activity involve either trypsin inhibition or trypsinogen degradation (Fig. [1](#Fig1){ref-type="fig"}). The serine protease inhibitor Kazal type 1 (SPINK1, also known as pancreatic secretory trypsin inhibitor) is a 6.2-kDa protein secreted by the pancreatic acinar cells that can potently inhibit trypsin. Levels in the pancreatic juice amount to about 0.1--0.8% of total protein \[[@CR3]\] which, assuming that about 25% of the juice proteins is trypsinogen \[[@CR4], [@CR5]\] and after correction for the molecular mass difference, should translate to SPINK1 concentrations that can inhibit 2--13% of the potential trypsin content. Rinderknecht et al. \[[@CR6]\] reported average SPINK1 concentrations that can inhibit 13% of the potential trypsin content in the pancreatic juice of healthy volunteers and 5% in chronic alcoholics. During autoactivation of trypsinogen, the newly generated trypsin reacts with SPINK1 and becomes unavailable to catalyze further trypsinogen activation. In time, however, SPINK1 reserves become depleted and autoactivation can freely proceed. Thus, the protective role of SPINK1 is to delay trypsinogen autoactivation (Fig. [2](#Fig2){ref-type="fig"}). This delay is important as it allows for the digestive proteases to transit from the pancreas to the duodenum in an inactive form. Consequently, a decrease in SPINK1 levels or reduced ductal fluid flow can impair this protective mechanism and increase the risk of premature, intra-pancreatic trypsinogen autoactivation. This concept might also explain how inborn or acquired anatomical changes in duct morphology contribute to pancreatitis risk. Similarly, mutations in the cystic fibrosis transmembrane conductance regulator (CFTR), a chloride-bicarbonate channel expressed on the ductal epithelium, can increase pancreatitis risk due to impaired ductal flushing \[[@CR7] and references therein\]. Besides trypsin inhibition, an independent line of defense against trypsinogen autoactivation in the pancreas is degradation of trypsinogen by the concerted actions of chymotrypsin C (CTRC) and trypsin (Fig. [3](#Fig3){ref-type="fig"}). CTRC-mediated degradation requires the presence of some active trypsin, first to activate chymotrypsinogen C to active CTRC and then to facilitate degradation through autolytic cleavage of the Arg122-Val123 peptide bond in trypsinogen. Therefore, it stands to reason that protective trypsinogen degradation occurs once the SPINK1-dependent defense mechanism has been exhausted.Fig. 1Trypsin-dependent pathological pathway in chronic pancreatitis. Activation of PRSS1 trypsinogen to active trypsin in the pancreas is responsible for disease onset and progression. Protective mechanisms to control trypsinogen activation include trypsin inhibition by SPINK1 and trypsinogen degradation by chymotrypsin C (CTRC) and trypsin. CTRC cleaves the Leu81-Glu82 peptide bond, and trypsin cleaves the Arg122-Val123 peptide bond; the combination of these two cleavages results in irreversible trypsinogen degradation. CTRC also stimulates autoactivation of cationic trypsinogen by cleaving the Phe18-Asp19 peptide bond in the activation peptide. The shortened activation peptide is more susceptible to trypsin-mediated activation at the Lys23-Ile24 peptide bond. The indicated hereditary pancreatitis-associated PRSS1 mutations increase trypsinogen autoactivation by inhibition of CTRC-dependent trypsinogen degradation (red arrow) or by increasing CTRC-dependent stimulation of autoactivation (green arrow, mutations in orange type). Activation peptide mutations directly stimulate autoactivation independently of CTRC function (green arrow, mutations in black type). Loss-of-function mutations in SPINK1 reduce inhibitor expression and thus compromise trypsin inhibition. Loss-of function mutations in CTRC reduce secretion, block zymogen activation, diminish catalytic activity or promote degradation by trypsin, and therefore impair protective trypsinogen degradation. p.insIDK indicates mutation p.K23_I24insIDK. Figure modified from Ref. \[[@CR8]\] Fig. 2Schematic representation of the effect of the SPINK1 trypsin inhibitor on the autoactivation of PRSS1 trypsinogen. Note that SPINK1 delays autoactivation but has no effect on final trypsin levels Fig. 3Schematic representation of the effect of CTRC on the autoactivation of PRSS1 trypsinogen. CTRC slightly accelerates the onset of autoactivation but markedly reduces final trypsin levels through trypsinogen degradation

Trypsin-Dependent Pathological Pathway in Chronic Pancreatitis {#Sec1}
==============================================================

The model posits that genetic risk in chronic pancreatitis is mediated by mutation-associated mechanisms that result in increased activation of trypsinogen in the pancreas (Fig. [1](#Fig1){ref-type="fig"}). *PRSS1* mutations are gain-of-function mutations that directly or indirectly (e.g., through altering trypsinogen degradation) stimulate autoactivation to trypsin. Heterozygous *PRSS1* mutations are often associated with autosomal dominant hereditary disease, indicating that these are strong, essentially causative genetic changes \[[@CR1], [@CR8] and references therein\]. Loss-of-function mutations in *SPINK1* that result in reduced inhibitor expression compromise protective trypsin inhibition and increase pancreatitis risk by about tenfold to 40-fold in the heterozygous state \[[@CR9]--[@CR12]\]. Disease risk associated with homozygous *SPINK1* variants is markedly higher, and these genetic alterations should be considered causative \[[@CR9]--[@CR13]\]. Loss-of-function mutations in *CTRC* can lead to diminished expression, resistance to activation by trypsin, defective catalytic activity, or degradation by trypsin, thereby impairing protective CTRC-mediated trypsinogen degradation \[[@CR14]--[@CR16]\]. The majority of heterozygous *CTRC* variants increase disease risk by about fivefold to tenfold \[[@CR12], [@CR14]--[@CR16]\]. Compound heterozygosity for *SPINK1* and *CTRC* mutations results in highly significant risk. The trypsin-dependent pathogenic model is supported by two additional observations: (1) copy number mutations in the *PRSS1*-*PRSS2* locus which presumably result in elevated trypsinogen expression cause hereditary and sporadic disease \[[@CR17], [@CR18]\] and (2) the p.G191R variant in *PRSS2* induces autodegradation of human anionic trypsinogen and protects against chronic pancreatitis, decreasing risk by about 2.7-fold \[[@CR19]\].

*PRSS1* Mutations and the CTRC-PRSS1 Axis in Hereditary Pancreatitis {#Sec2}
====================================================================

The clinically most significant, high-penetrance *PRSS1* mutations (in the order of frequency: p.R122H \> p.N29I \> p.A16V \~ p.R122C \> p.N29T \> p.V39A) are typically found in hereditary pancreatitis families although in the everyday clinical setting the obtainable family history may be limited and patients may present with what appears to be sporadic disease \[[@CR8] and references therein\]. The p.A16V variant exhibits variable penetrance and may be detected in sporadic disease as well as in hereditary pancreatitis families \[[@CR20], [@CR21]\]. Mechanistically, *PRSS1* mutations stimulate autoactivation of cationic trypsinogen by altering cleavage of CTRC-sensitive and trypsin-sensitive regulatory nick sites (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR22]\]. The main effect of CTRC is promotion of trypsinogen degradation, which is achieved by cleaving the Leu81-Glu82 peptide bond in the calcium binding loop of trypsinogen \[[@CR23], [@CR24]\]. Concurrent autolytic cleavage by trypsin at the Arg122-Val123 peptide bond results in complete inactivation of trypsinogen. Trypsin is also degraded by the same mechanism, however, at a much slower rate because the regulatory nick sites become thermodynamically stable when trypsinogen is activated to trypsin \[[@CR25]\]. *PRSS1* mutations block or reduce cleavage after Leu81 and/or Arg122 and thereby allow for trypsinogen autoactivation to proceed unfettered \[[@CR24]\].

A seemingly paradoxical effect of CTRC is the stimulation of autoactivation through processing of the trypsinogen activation peptide \[[@CR26]\]. Cleavage of the Phe18-Asp19 peptide bond shortens the 8 amino acid-long activation peptide to 5 amino acids which is then cleaved by trypsin at an enhanced rate, resulting in an approximately fourfold increase in autoactivation \[[@CR26], [@CR27]\]. Mechanistically, this effect is likely due to the mitigation of a repulsive electrostatic interaction between the tetra-Asp motif in the activation peptide and Asp218 in cationic trypsin, which normally curtails autoactivation \[[@CR26], [@CR28]\]. As shown in Fig. [3](#Fig3){ref-type="fig"}, during autoactivation of wild-type cationic trypsinogen in the presence of CTRC, the effect of the activation peptide processing is seen only as a small initial increase in trypsin levels, which become rapidly quenched by the predominant trypsinogen degradation. The reason for this relatively minor effect is that N-terminal processing by CTRC, activation of trypsinogen to trypsin, and degradation of trypsinogen are all competing reactions and only a small fraction of trypsinogen becomes actually processed at Phe18. However, the situation is drastically different when the activation peptide or the N-terminal region of trypsinogen is mutated and N-terminal processing is stimulated. This is the case with the p.A16V mutation which increases N-terminal processing of cationic trypsinogen by CTRC about sixfold and therefore allows for the development of higher trypsin levels during autoactivation \[[@CR24], [@CR26]\]. Similarly, mutation p.N29I increases N-terminal processing by 2.6-fold \[[@CR24]\]. Interestingly, mutation p.D19A also stimulates processing of the activation peptide by fourfold but this modification induces only a small further increase in the already higher autoactivation of this mutant. This observation indicates that Asp19 is required to mediate the functional effect of N-terminal processing by CTRC \[[@CR29]\]. The physiological rationale for CTRC-mediated N-terminal processing of cationic trypsinogen is unclear but it may be helpful in the generation of an initial "trypsin burst" which can then aid in the full activation of chymotrypsinogen C to active CTRC and to facilitate trypsinogen degradation by cleavage after Arg122.

It is important to note that *PRSS1* mutations all cause the same biochemical phenotype of increased autoactivation resulting in high trypsin concentrations. At the molecular level, however, individual mutations may exert their effect differently, either increasing CTRC-mediated N-terminal processing or reducing trypsinogen degradation or both. For a detailed analysis of the mutational effects on cationic trypsinogen, see Table 1 in \[[@CR24]\]. The compartment where increased trypsinogen autoactivation takes place is unknown as genetic and biochemical studies provide no information on subcellular compartments and appropriate animal models are lacking. Transfection experiments indicate that the most frequent PRSS1 mutants are secreted normally and do not autoactivate in the secretory pathway \[[@CR30]\]. This observation suggests that autoactivation might take place in the pancreatic juice and cause acinar cell damage possibly by ductal obstruction due to cleavage of pancreatic stone protein and pancreatitis-associated protein which precipitate upon tryptic digestion \[[@CR31], [@CR32] and references therein\].

An intriguing subset of high-penetrance *PRSS1* mutations (p.D19A, p.D21A, p.D22G, p.K23R, p.K23_I24insIDK) affect the activation peptide of cationic trypsinogen and robustly stimulate autoactivation independently of CTRC \[[@CR29]\]. In fact, autoactivation is increased to such an extent that some trypsinogen autoactivates intracellularly and becomes degraded, likely in the endoplasmic reticulum (ER) \[[@CR33]\]. As a result, these mutants are secreted poorly from transfected cells and, presumably, from human acinar cells as well. Intracellular autoactivation represents a form of cellular stress, which can lead to acinar cell damage and death \[[@CR33]\]. Thus, the mechanism of action of the rare activation peptide mutations may be different from that of the clinically more common *PRSS1* mutations.

A common variant in the promoter region of *PRSS1* (c.-204C\>A) which is part of a larger haplotype in the *PRSS1*-*PRSS2* locus confers a small (1.4-fold to 1.6-fold) protective effect against chronic pancreatitis \[[@CR34]--[@CR37]\]. Interestingly, in the European replication study this effect was best detected in subjects with alcoholic chronic pancreatitis, suggesting that this promoter variant modifies trypsinogen expression in an alcohol-dependent manner \[[@CR35]\].

Finally, another subset of *PRSS1* mutations (p.K92N, p.D100H, p.L104P, p.R116C, p.S124F, p.C139F, p.C139S, p.G208A) exert their pathogenic effect through a so-called misfolding-dependent pathological pathway \[[@CR30], [@CR38], [@CR39]\]. In this case, mutations cause misfolding of cationic trypsinogen and therefore elicit ER stress that may be responsible for pancreas injury and pancreatitis. Misfolding-associated *PRSS1* variants are less frequent than the trypsin pathway-associated *PRSS1* variants and are more often found in sporadic cases \[[@CR38]\], although association with dominant hereditary disease was also described \[[@CR30], [@CR40]\].

For a more detailed discussion of *PRSS1* variants in chronic pancreatitis, please consult our 2014 review article \[[@CR8]\]. For a complete list of published *PRSS1* variants, see the [www.pancreasgenetics.org](http://www.pancreasgenetics.org) Web site.

*CTRC* Mutations {#Sec3}
================

The critical role of the CTRC-PRSS1 axis in human chronic pancreatitis is reinforced by the observation that carriers of loss-of-function *CTRC* mutations are at increased risk of chronic pancreatitis even in the absence of trypsinogen mutations \[[@CR14], [@CR15]\]. Our initial Nature Genetics report in 2008 suggested that *CTRC* mutations are relatively rare and altogether found in about 4% of patients with chronic pancreatitis resulting in about fivefold to tenfold increased disease risk in heterozygous carriers \[[@CR14]\]. In a German cohort, variants p.R254W (2.1%) and p.K247_R254del (1.2%) were found more frequently, while in an Indian cohort variants p.V235I (4.9%) and p.A73T (3.1%) were more prevalent \[[@CR41]\]. The notion that *CTRC* variants play a relatively minor role in chronic pancreatitis has been refuted by subsequent studies, demonstrating that variant c.180C\>T (p.G60=) is one of the most common risk factors in chronic pancreatitis found in more than 30% of patients \[[@CR15], [@CR41], [@CR42]\]. In a large Indian cohort, this variant increased risk about 2.5-fold and tenfold in the heterozygous and homozygous states, respectively \[[@CR41]\]. According to the ExAC database, variant c.180C\>T is associated with reduced mRNA expression, suggesting it might alter pre-mRNA splicing. Other pathogenic variants can impair CTRC function by distinct but mutually non-exclusive mechanisms that result in secretion defect, resistance to activation by trypsin, catalytic deficiency or degradation by trypsin. In two large studies, we characterized properties of 40 CTRC variants and found that 17 exhibited one or more forms of functional impairment \[[@CR16], [@CR43]\]. Considering the clinically frequent variants, p.A73T exhibited a marked secretion defect (\<10% of wild type), p.V235I showed a 50% decrease in trypsinogen degradation activity, p.K247_R254del was completely inactive and was readily degraded by trypsin, and p.R254W was secreted at slightly reduced levels (60--70% of wild type) and was degraded by trypsin. CTRC mutants with diminished secretion (e.g., p.A73T) also induced ER stress, indicating that reduced secretion was due to intracellular misfolding and degradation \[[@CR16], [@CR44]\]. Whether or not ER stress caused by these *CTRC* variants contributes to pancreatitis risk remains uncertain because CTRC is expressed at relatively low levels when compared to PRSS1 or carboxypeptidase A1 (CPA1), whose mutation-induced misfolding was demonstrated to cause chronic pancreatitis \[[@CR30], [@CR39], [@CR45]\]. For a complete list of published *CTRC* variants, see the [www.pancreasgenetics.org](http://www.pancreasgenetics.org) Web site.

*SPINK1* Mutations {#Sec4}
==================

The identification of *PRSS1* mutations in hereditary pancreatitis was shortly followed by the candidate-gene analysis of *SPINK1.* It is of historic interest that the first study which described the c.101A\>G (p.N34S) mutation erroneously concluded that it was a harmless variant \[[@CR46]\]. Subsequently, Witt et al. \[[@CR9]\] demonstrated the association between p.N34S and chronic pancreatitis. A large number of replication studies confirmed that the p.N34S variant and its associated haplotype which includes 4 intronic alterations (c.56-37T\>C in intron 1, c.87+268A\>G in intron 2, and c.195-606G\>A and c.195-66_65insTTTT in intron 3) is the clinically most significant risk factor for chronic pancreatitis. According to a 2008 meta-analysis, the average carrier frequency is 9.7% in patients and 1% in controls and the average odds ratio (OR) is 11. When disease subtypes were considered, the strongest effects were observed in idiopathic chronic pancreatitis (OR 15) and in tropical chronic pancreatitis (OR 19), whereas the effect size in alcoholic chronic pancreatitis was less pronounced (OR 5) \[[@CR11] and references therein\]. Despite efforts to uncover the disease-relevant functional effect of the p.N34S variant-associated haplotype, the underlying molecular mechanism is yet to be identified. Several studies demonstrated that the p.N34S variant has no effect on the trypsin inhibitory activity or the cellular folding and secretion of SPINK1 \[[@CR47]--[@CR49]\]. A functional role for the co-segregating four intronic alterations has been also excluded \[[@CR50]--[@CR52]\]. Thus, experimental evidence to date suggests that the actual pathogenic variant within the p.N34S haplotype is located within the yet unexplored flanking regions of *SPINK1*. In this regard, a recent study found that in pancreatic cancer cell lines heterozygous for p.N34S, expression of the variant allele was diminished relative to the wild-type allele \[[@CR53]\]. Furthermore, the authors identified variant c.-4141G\>T in the 5′ upstream region of *SPINK1* as part of the p.N34S haplotype and as a potential candidate for the pathogenic effect.

The second most common *SPINK1* haplotype associated with chronic pancreatitis contains the c.-215G\>A promoter variant and the c.194+2T\>C variant in intron 3 \[[@CR9], [@CR10], [@CR54]\]. This haplotype is more frequent in East Asia with an average carrier frequency of 6.4% in Japanese subjects with idiopathic (12%), familial (21%), and alcoholic (3%) chronic pancreatitis \[[@CR55] and references therein\]. High carrier frequencies (\~10--30%) among patients with idiopathic disease were reported from Korea, with the highest number seen in the pediatric population \[[@CR56]--[@CR58]\]. Reports from a center in Shanghai, China, indicated carrier frequencies of 45 and 57% \[[@CR59], [@CR60]\] whereas another study from Taiwan found an average frequency of 8.5% with higher occurrence (29%) among early onset patients \[[@CR61]\]. The variant was found in 6.7% of chronic pancreatitis patients in India \[[@CR62]\], whereas in Europe and the USA it has been found in about 3% of the cases \[[@CR10], [@CR12], [@CR63]\]. In contrast to p.N34S, the c.194+2T\>C variant is almost never observed in healthy controls and the effect size (OR) is estimated around 40 in the heterozygous state \[[@CR12]\] while homozygosity or transheterozygosity with p.N34S is essentially causative. The c.194+2T\>C variant affects the donor splice site in intron 3 and causes skipping of exon 3 \[[@CR64], [@CR65]\], resulting in markedly reduced *SPINK1* mRNA expression \[[@CR51], [@CR65]\]. Thus, in case of the c.194+2T\>C variant the clear genetic association with chronic pancreatitis is complemented with convincing functional data demonstrating loss of SPINK1 function. Consequently, this variant offers the strongest evidence for the proposed role of SPINK1 in the trypsin-dependent pathway of chronic pancreatitis pathogenesis. Interestingly, functional studies showed that the c.-215G\>A variant increases promoter activity, suggesting that this variant might mitigate the negative effect of the c.194+2T\>C variant to some degree \[[@CR63], [@CR66], [@CR67]\].

Additional evidence for the pathogenic role of loss-of-function *SPINK1* variants came from the identification of a number of rare and private variants in patients with chronic pancreatitis. Although genetic association with the disease phenotype could not be demonstrated due to the low frequency of the individual variants, functional impairment of SPINK1 was either self-evident or demonstrated experimentally. Variants in this category include those affecting splice sites \[[@CR58], [@CR68], [@CR69]\], nucleotide insertion or deletions leading to frame shift with premature termination \[[@CR12], [@CR68], [@CR70], [@CR71]\], variants causing loss of the initiator methionine codon \[[@CR9], [@CR12], [@CR13], [@CR72], [@CR73]\], signal peptide alterations leading to diminished secretion \[[@CR9], [@CR12], [@CR74]--[@CR76]\], and variants that cause loss of SPINK1 secretion due to misfolding, intracellular retention and degradation \[[@CR48], [@CR49], [@CR75]\]. Large heterozygous deletions in the *SPINK1* gene were also described \[[@CR77], [@CR78]\]. Finally, promoter variants that reduce transcriptional activity and presumably result in decreased *SPINK1* mRNA expression have been characterized \[[@CR63], [@CR66], [@CR67]\].

It is interesting to note that loss-of-function *SPINK1* mutations mostly result in diminished SPINK1 levels rather than a decrease in the trypsin inhibitory activity of the protein. So far only two rare mutations, p.K41N and p.I42M, have been reported that directly affect the Lys41-Ile42 reactive-site peptide-bond in SPINK1 \[[@CR79], [@CR80]\]. Although the functional effects of these variants have not been characterized yet, mutation p.K41N is expected to cause loss of trypsin inhibition, whereas mutation p.I42M is likely to have a small effect, if any. For a complete list of published *SPINK1* variants, see the [www.pancreasgenetics.org](http://www.pancreasgenetics.org) Web site.

*PRSS2* Mutations {#Sec5}
=================

The human pancreas secretes two major trypsinogen isoforms: cationic trypsinogen (PRSS1) and anionic trypsinogen (PRSS2) \[[@CR4], [@CR5]\]. Even though PRSS2 is 90% identical to PRSS1 in its primary structure and it exhibits an equally strong propensity for autoactivation, mutations in *PRSS2* have never been described in association with hereditary pancreatitis. We recently found an explanation for this puzzling observation by demonstrating that PRSS2 is more tightly controlled by CTRC than PRSS1 \[[@CR27]\]. Thus, CTRC degrades PRSS2 more effectively and N-terminal processing of the PRSS2 activation peptide slightly inhibits autoactivation. The increased sensitivity of PRSS2 to CTRC-mediated degradation is due to an additional cleavage site at Leu148 in the autolysis loop and the lack of the conserved Cys139-Cys206 disulfide bond which exposes multiple other cleavage sites. As a result, individual natural mutations are unlikely to cause significant stabilization of PRSS2 against CTRC and cannot promote autoactivation to an extent that would cause hereditary pancreatitis.

Although not causative in hereditary pancreatitis, *PRSS2* still contributes to pancreatitis risk, as demonstrated by the small protective effect of the self-degrading p.G191R variant \[[@CR19], [@CR81], [@CR82]\]. In the largest cohort published, this variant was enriched in the healthy population (frequency 3.4%) relative to subjects with chronic pancreatitis (frequency 1.3%), yielding a protective OR of 2.7 \[[@CR19]\]. The mutation introduces a new cleavage site for trypsin which results in rapid degradation of anionic trypsinogen during autoactivation. Since most carriers are heterozygous, this would represent only a 50% loss of their anionic trypsinogen content and about 20--25% reduction in their total trypsinogen. Despite its minimal clinical relevance, the p.G191R *PRSS2* variant has been conceptually very important as it supports the significance of trypsinogen degradation as a protective mechanism against chronic pancreatitis.

*PRSS1-PRSS2* Copy Number Mutations {#Sec6}
===================================

The Férec group in 2006 reported that triplication in the *PRSS1*-*PRSS2* locus was associated with hereditary pancreatitis \[[@CR17]\]. Subsequently, the same investigators identified duplications in the *PRSS1*-*PRSS2* locus in subjects with idiopathic chronic pancreatitis with no family history \[[@CR18]\]. Increased trypsinogen expression due to a gene dosage effect was proposed as pathogenic mechanism. Higher trypsinogen concentrations in the pancreas would increase autoactivation rates and result in elevated intra-pancreatic trypsin activity. Unfortunately, screening for copy number mutations has not become routine in other laboratories and corroborating reports are lacking.

Trypsin-Dependent Pathological Pathway in Alcoholic Chronic Pancreatitis {#Sec7}
========================================================================

The absence of high-penetrance *PRSS1* mutations in subjects with alcoholic chronic pancreatitis has spawned the erroneous yet persistent notion that trypsin does not play a central role in the pathogenesis of alcoholic chronic pancreatitis. Nothing can be further from the truth. A large number of studies documented that mutations in susceptibility genes that contribute to the trypsin-dependent pathway are associated with alcoholic chronic pancreatitis. Thus, pathogenic *CTRC* and *SPINK1* variants increase disease risk, whereas the p.G191R *PRSS2* variant and the *PRSS1* promoter variant c.-204C\>A are protective against alcoholic chronic pancreatitis \[[@CR14], [@CR19], [@CR55], [@CR83], [@CR84]\]. The frequency (\~6%) and consequently the effect size (OR \~5) of the *SPINK1* p.N34S variant are lower in alcoholic versus idiopathic chronic pancreatitis, suggesting gene-environment interactions \[[@CR83], [@CR84]\].

Mouse Models {#Sec8}
============

Attempts to create mouse models for the trypsin-dependent pathological pathway of chronic pancreatitis have failed so far. With respect to *PRSS1* mutations, Archer et al. \[[@CR85]\] introduced the p.R122H mutation into the native T8 mouse trypsinogen placed under the control of a short elastase promoter and generated a transgenic mouse line with this construct. The mice exhibited signs of focal inflammatory cell infiltration, fibrosis, and enhanced responses to cerulein. However, there was no control strain with a wild-type T8 transgene generated and it remains impossible to interpret whether the observed effects were due to the mutation or the expression of an extra trypsinogen gene. Unfortunately, this strain was lost for further studies and replication. Selig et al. \[[@CR86]\] found slightly increased sensitivity to cerulein-induced pancreatitis in transgenic mice carrying the human *PRSS1* coding DNA with the p.R122H mutation under the control of the short elastase promoter. Athwal et al. \[[@CR87]\] created three transgenic lines using the short elastase promoter to drive expression of wild-type *PRSS1* and mutants p.N29I and p.R122H. All three lines developed some spontaneous pancreatic damage (vacuolization, fibrosis, inflammatory cell infiltrates) with low penetrance (10%) and delayed onset (\>9 months), but there were no mutation-specific differences. Increased responses to low dose cerulein were also described. These studies suggest that expression of human PRSS1 is somewhat toxic to the mouse pancreas, presumably due to folding problems, which limits the usefulness of the transgenic approach to study *PRSS1* mutations. Future studies should focus on the genetic modification of endogenous mouse trypsinogens to mimic the effects of human *PRSS1* mutations. To this end, we characterized the expression of mouse trypsinogens and their interactions with mouse Ctrc \[[@CR88]\]. We found that the mouse pancreas expresses four of the 20 trypsinogen genes to high levels: T7, T8, T9, and T20. Mouse Ctrc poorly cleaved the calcium binding loop in all mouse trypsinogens and did not promote significant degradation. However, mouse Ctrc rapidly cleaved the Phe150-Gly151 peptide bond in the autolysis loop of T8 and T9 and this regulatory cleavage inhibited autoactivation of these isoforms. The observations indicate that mechanistic details of the CTRC-PRSS1 axis are different in the mouse, and modeling the CTRC-dependent effects of hereditary pancreatitis-associated *PRSS1* mutations may not be feasible. Instead, *PRSS1* mutations that alter the activation peptide and promote rapid autoactivation independently of CTRC should be utilized to generate mouse models of hereditary pancreatitis. Finally, homozygous deletion of mouse *Spink3*, the ortholog of human *SPINK1*, caused rapid autophagic degeneration of pancreatic acinar cells after birth and led to early mortality \[[@CR89]\]. Pancreatic acini isolated after birth exhibited elevated trypsin activity relative to acini from wild-type animals \[[@CR90]\]. Heterozygous knockout animals showed no overt phenotype and no trypsin activity in isolated acini. These experiments highlight a potential developmental role for *Spink3* in the mouse and, however, offer limited insight into the mechanism of human chronic pancreatitis associated with *SPINK1* mutations.

Summary {#Sec9}
=======

Genetic susceptibility to chronic pancreatitis is mainly caused by variants in the *PRSS1*, *SPINK1,* and *CTRC* genes, which raise intra-pancreatic trypsin activity by increasing trypsinogen activation, reducing trypsinogen degradation or impeding trypsin inhibition. The trypsin-dependent pathological pathway, therefore, is a therapeutic target in chronic pancreatitis. Genetically modified animal models that recapitulate human chronic pancreatitis phenotypically and mechanistically are needed to understand disease onset and progression and to test preventive and therapeutic measures.

Work in the senior author's laboratory has been supported by NIH Grants R01DK058088, R01DK082412, R01DK095753, and DoD grant PR130667. EH was also supported by a grant from the National Pancreas Foundation.

Conflict of interest {#FPar1}
====================

The authors have no conflicts of interest to declare.
